In the past 10 years many molecular aspects of microbial nitrate reduction have been elucidated, but the ecophysiology of this process is hardly understood. In this contribution, our efforts to study the complex microbial communities and interactions involved in the reduction of nitrate to dinitrogen gas are summarized. The initial work concentrated on emission of the greenhouse gas nitrous oxide during incomplete denitrification by Alcaligenes faecalis. As more research methods became available, the fitness of A. faecalis could be tested in mixed cultures with other denitrifying bacteria, most notably with the nitrate-reducing bacterium Pseudomonas G9. Finally, the advancement of molecular diagnostic tools made it possible to survey complex microbial communities using specific primer sets for/and antibodies raised against the various NO x reductases. Given the enormous complexity of substrates and environmental conditions, it is evident that mixed cultures rather than single species are responsible for denitrification in man-made and natural ecosystems. However, it is surprising that even for the breakdown of a single compound, such as acetate, mixed cultures are responsible, and that the consecutive denitrification steps are commonly performed by mutualistic co-operating species. Our observations also indicate that we seldom know the identity of the major key players in the nitrogen cycle of these ecosystems.
Introduction
Denitrification is the microbial process in which nitrogen oxides are used as alternative electron acceptors for energy production. In many natural and man-made ecosystems, denitrification contributes to the emission of nitrous oxide and thus to the greenhouse effect and the destruction of the ozone layer [1] . Denitrification is an important biological process for the return of fixed nitrogen to the atmosphere, although its dominant role in the oceanic nitrogen cycle was recently disputed by the determination of high cell numbers and high activity of anaerobic ammonium-oxidizing bacteria in various marine ecosystems [2] [3] [4] [5] .
Denitrification involves four consecutive reactions in which nitrate is reduced to dinitrogen gas by the metalloenzymes, nitrate reductase, nitrite reductase, nitric oxide reductase and nitrous oxide reductase. The genes encoding the catalytic subunit of these enzymes, narG, napA, nirS, nirK, norB and nosZ, have been isolated from a number of bacteria and archaea [6] . In addition, the crystal structure of several enzymes (e.g. NarGHI, NirS, NirK) has been solved [7] . Although many molecular aspects of microbial denitrification have been elucidated, the ecophysiology of the process is hardly understood. For example, many denitrifying organisms do not contain or express all of the four reductases
Introduction of the model strains used
In our studies, we used defined mixed cultures of two denitrifying bacteria to monitor the competition and/or cooperation. The two model organisms used were Alcaligenes faecalis strain TUD (LMD 89.174) and Pseudomonas G9 (LMD 90.79). A. faecalis is a heterotrophic denitrifying bacterium that is not able to reduce nitrate to nitrite, but can reduce nitrite to dinitrogen gas anaerobically. A. faecalis emits considerable amounts of N 2 O (up to 30% of the supplied nitrite at a rate of 0.6 mM · h −1 ) under alternating oxic and anoxic conditions, during aerobic nitrification of hydroxylamine and during feast and famine regimes [10] [11] [12] . Pseudomonas G9 was isolated from a denitrifying pilot plant. Pseudomonas G9 is an oxidase-and catalase-positive, motile Gram− (Gram-negative) rod with a single polar flagellum. The organism is non-fermentative, but capable of growth on a wide variety of organic substrates, including sugars and organic acids. The 16 S rRNA of Pseudomonas G9 showed more than 99% homology with Pseudomonas citronellola.
Pseudomonas G9 did not grow in anaerobic batch cultures on acetate supplemented with either NO 3 − or NO 2 − , but aerobically grown cell suspensions started NO 3 − reduction at its full rate immediately after they were made anaerobic. This phenomenon, which also occurred when suspensions were preincubated with chloramphenicol to prevent de novo protein synthesis, indicated that Pseudomonas G9 constitutively expressed nitrate reductase. Nitrite was not further reduced in batch cultures, and aerobic denitrification was not observed. Pseudomonas G9 could readily grow in aerobic chemostat cultures (D = 0.10 h −1 ) on mineral medium with acetate. Also in these aerobic, acetate-limited, chemostat cultures no significant rates of aerobic denitrification or heterotrophic nitrification could be observed. Nevertheless, low concentrations of NO 2 − were invariably detected in the aerobic chemostat cultures, indicating that some aerobic NO 3 − reduction did occur. After prolonged adaptation, it was possible to grow Pseudomonas G9 anaerobically on N 2 O and acetate in batch cultures, indicating the presence of an inducible N 2 O reductase.
Finally, the transition from aerobic to anaerobic conditions was studied in acetate-limited chemostat cultures of Pseudomonas G9 supplemented with NO 3 − (38.2 mM). After the onset of anaerobiosis, NO 3 − was almost stoichiometrically converted into NO 2 − . A transient production of N 2 O and N 2 could be observed until the concentration of nitrite became too inhibitory for growth at approx. 25 mM. These results indicated that Pseudomonas G9 possessed all enzymes of denitrification, but that their temporal induction is not synchronized and their activities are not balanced. If this is indeed the case, then co-cultivation with an NO 2 − reducing organism such as A. faecalis should prevent the build-up of toxic nitrite levels and might thus allow the growth of both bacteria. This would indicate that Pseudomonas G9 is only capable of maintaining itself in anaerobic environments when other organisms are present to remove the NO 2 − produced.
Denitrifying co-cultures of Pseudomonas

G9 and A. faecalis under carbon limitation
Precultures of A. faecalis and Pseudomonas G9 were grown in chemostats with 20 mM acetate and 45 mM nitrite (anaerobically) and 20 mM acetate and 32 mM nitrate (aerobically) respectively. Co-cultures were started by mixing the precultures in a 1:1 ratio in chemostats with a D of 0.05/h. During the first 14 days (17 volume changes) ( Figure 1A ; period A), the co-culture was acetate limited with nitrate as electron acceptor. Neither A. faecalis nor Pseudomonas G9 could grow alone under these conditions. Grown together they consumed all acetate and the nitrate concentration stabilized at 10 mM. The N 2 O concentration in the off gas was only 4 ± 1 µM (equivalent to 0.2 ± 0.1 µM/h), which is very low compared with the values (600 µM/h) in pure cultures of A. faecalis [10] . In the next period (day [14] [15] [16] [17] [18] [19] [20] [21] [22] , nitrate was replaced by nitrite as electron acceptor ( Figure 1A; period B) . A. faecalis (B) On day 30 biomass from a denitrifying reactor was added to the co-culture of A. faecalis and Pseudomonas G9 growing anaerobically under acetate limitation with nitrate (32 mM) as electron acceptor.
could grow under these conditions without Pseudomonas G9. The absorbance of the mixed culture decreased slowly from 0.36 to 0.18 in 9 days. The N 2 O concentration in the off gas increased to 164 ± 25 µM, and immunofluorescence analysis with specific antibodies showed that the amount of Pseudomonas G9 decreased from 50 ± 25% to approx. 10 ± 5%. This indicated that Pseudomonas G9 was able to scavenge some of the N 2 O produced, thus preventing complete washout of the reactor. From day 22 to day 30, the culture was switched back to the original conditions with nitrate as the only electron acceptor ( Figure 1A ; period C). A new steady state was reached with the same levels of nitrate (10 mM) and acetate (0 mM) as in the first period. The N 2 O concentration in the off gas was again very low (3 ± 1 µM). Immunofluorescence analysis showed that the percentage of A. faecalis was 55 ± 25%, indicating that the co-culture had been re-established at the initial values. Our results are in good agreement with studies using a co-culture of two alkaliphilic bacteria [13] . Also in those co-cultures, a nitrate-and a nitrite-reducing bacterium co-operated in tandem to convert nitrate completely into dinitrogen gas.
Competitive fitness of A. faecalis and Pseudomonas G9 under carbon limitation
To investigate if the A. faecalis and Pseudomonas G9 coculture could compete with other denitrifying bacteria, a Figure 1B) , until a new steady state was reached. The fractions of A. faecalis and Pseudomonas G9 cells decreased rapidly to <2 ± 5% within 2 weeks after adding the biomass. Over the whole period, the community was monitored with immunofluorescence and FISH (fluorescence in situ hybridization) (Table 1) . Initially, the complex community contained many γ -, some β-and some α-proteobacteria, and immunofluorescence showed a weak signal with the Pseudomonas G9 antibody. In the first 2 weeks after adding the biomass, FISH showed that most γ -proteobacteria disappeared, that the percentage of β-proteobacteria decreased and the amount of coccoid α-proteobacteria increased (Figures 2A and 2B) . After 63 days, most of the organisms were coccoid α-proteobacteria (80 ± 20%; Figure 2A ) and a small part of the population consisted of β-proteobacteria (10 ± 20%). γ -Proteobacteria were not found anymore, and indeed, the signal of the Pseudomonas G9 antibody was also completely lost. To characterize the microbial diversity of the culture, a 16 S rRNA clone library was made on day 52. DNA was extracted and amplified using bacterial 16 S rRNA primers. The dominant coccoid α-proteobacteria appear green due to a single stain with EUB338.
chemostat cultures, reflecting the excellent acetate metabolizing capacities of this organism [14, 15] . Although P. versutus was the dominant bacterium in the cultures, still 10% of the cells were related to β-proteobacteria that might scavenge denitrification intermediates similar to Pseudomonas G9 in the nitrite co-cultures.
Competitive fitness of A. faecalis and Pseudomonas G9 under nitrogen limitation
The competition experiments with A. faecalis and Pseudomonas G9 were repeated under nitrogen-limitation. The coculture was grown under nitrogen-limiting conditions in chemostat cultures (D = 0.05 h −1 ), for 10 volume changes (9 days), with nitrate as electron acceptor until a steady state was reached. The acetate concentration remaining at that time was 2 mM and no nitrite, nitrate or N 2 O could be detected. Immunofluorescence showed that A. faecalis and Pseudomonas G9 were present in the expected 3:2 ratio. When the system was switched to nitrite as electron acceptor from day 9 to 15, acetate increased from 2 to 4 mM. After 6 days, nitrite, nitrate and N 2 O were below the detection level. Immunofluorescence showed that the amount of Pseudomonas G9 cells decreased until only 10 ± 5% remained, similar to the situation in the carbon-limited cultures. The reactor was switched back to nitrate again for the next 20 days until a new steady state was reached. The acetate concentration was then again 2 mM, and nitrite, nitrate and N 2 O could not be detected. The amount of A. faecalis and Pseudomonas G9 in the co-culture was reestablished at the expected 3:2 ratio.
On day 35, biomass from a denitrifying reactor was again added to the A. faecalis and Pseudomonas G9 co-culture to determine the fitness of both strains under nitrogen limitation. No nitrate, nitrite or N 2 O was ever detected during the remainder of the experiment, and the acetate level stayed at approx. 2 mM. The population was monitored with FISH (Table 1 ) and immunofluorescence. At the end of the experiment (day 68), a low signal with the antibodies against Alcaligenes and Pseudomonas G9 could still be detected. FISH showed that, now, rod-shaped α-proteobacteria made up approx. 65% of the cells, but still 10% of the community consisted of β-proteobacteria. Again almost no γ -proteobacteria could be observed at the end of the experiment. Repeated transfer of colonies on acetate-nitrate agar did not result in the isolation of the dominant α-proteobacterium. Also the 16 S rRNA clone library made at the end of the experiment did not contain any sequence related to α-proteobacteria, demonstrating the well-known bias and shortcomings of the cloning techniques. However, 16 S rRNA gene sequences nearly identical with those of A. faecalis and Peudomonas G9 were retrieved, indicating that the competitive fitness of our model bacteria was better under nitrogen limitation than under acetate limitation. Unfortunately, the identity of the dominant α-proteobacterium could not be established in this case.
Perspectives
From the co-culture studies described above, it is clear that more molecular tools are necessary to document the complex interactions in denitrifying microbial communities. However, the classical 16 S rRNA gene-sequencing approach is not suitable for the community analysis of denitrifying bacteria, because they are distributed over many different phyla in Bacteria and Archaea. Fortunately, functional community analysis of these microorganisms has recently become possible by the design of specific primer sets for the various NO x reductases involved in the denitrification pathway [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . In addition to PCR-based methods, microscopic analysis such as FISH, combined immunofluoresence with FISH [25] [26] [27] [28] [29] , FISH combined with microautoradiography and stable isotope probing [30] , and rRNA slot-blot hybridizations with 16 S rRNA-targeted oligonucleotide probes are also being developed to quantify independently the community members of denitrifying ecosystems. Application of the molecular tools to various man-made and natural ecosystems has so far shown a high diversity of denitrifiers of those systems. This is not unexpected given the large diversity of available substrates and the high variation in environmental conditions in most of these systems. However, it was surprising that even during the breakdown of a single compound such as acetate, a complex mixed culture rather than a single species was responsible for denitrification, often in consecutive steps from nitrate to nitrite, from nitrite to N 2 O and finally to nitrogen gas. Our chemostat studies also corroborate that the identity of the dominant denitrifying bacteria in these ecosystems is often unknown. Future studies will have to use dedicated isolation procedures together with sophisticated molecular methods, including environmental genomics, to elucidate the complex interactions of denitrifying microorganisms.
